We used an hierarchical analysis of allozyme variation to investigate for the freshwater ostracod Candonocypris novaezelandiae the relative contributions of sexual and asexual reproduction to recruitment into 42 local populations and to infer patterns of gene flow within and among four geographical regions (watersheds) in south-eastern Australia. Allele frequency variation among local populations was marked (mean FST = 0.228) but showed no regional differentiation. The allele frequency differences among local populations probably reflect the effects of stochastic processes, such as founder events, as well as variation in the success, and hence abundance, of particular clonal genotypes within water-bodies. Indeed, local populations were highly clonal, containing only females and displaying relatively low levels of genotypic diversity. Nevertheless, the distribution of genotypes within and among regions was surprising. The bulk of sampled individuals (88 per cent) were represented by just six common genotypes that were shared extensively among local populations and were geographically widespread. Individual samples contained a mean of 4.05, and up to 10, distinct four-locus genotypes and overall we detected a total of 26 electrophoretically distinct genotypes. In combination, our results suggest that either the south-eastern Australian populations of C. novaezelandiae arose through a recent colonization event (perhaps associated with an expansion of agricultural practices) or there is sufficient continuing gene flow between regions to prevent differentiation. However, the exact contributions of sexual and asexual reproduction to dispersal in this ostracod remain unclear.
Introduction
Many passively dispersed species of freshwater microcrustacea have broad geographical distributions that must reflect either the historical or continuing effects of long-distance dispersal. Recent electrophoretic surveys also imply that effective gene flow occurs over large spatial scales but, paradoxically, established neighbouring populations may have only weak genetic connections. Few species have been surveyed over distances greater than 100 km but these include a sexually reproducing copepod (Boileau & Hebert, 1991) , two cyclically parthenogenetic cladoceran species (Benzie, 1986;  Schwartz & Hebert, 1987) and three species of Daphnia comprising both cyclical and obligate *Correspondence. E-mail: jchaplin@murdoch.edu.au tCurrent address: Biological Sciences, Murdoch University, Murdoch, Western Australia 6150, Australia. Both authors contributed equally to this paper.
1997 The Genetical Society of Great Britain. 57 parthenogens (Benzie, 1986; Crease et al., 1990; Hebert et a!., 1993) . These species almost invariably show a pattern of strong microgeographical gene frequency variation but with little additional variation over macrogeographical scales. However, marked subdivision can occur between continents or major ecotones (e.g. Hebert, 1987; Hebert et a!., 1993) . This microscale heterogeneity coupled with macroscale homogeneity has been linked to the combined effects of multiple founder events and limited gene flow among established local populations (Crease et a!., 1990; Boileau & Hebert, 1991) . Manipulative field experiments and studies of the colonization of vacant water-bodies indicate that, at least for some species of Daphnia, this type of genetic structure probably reflects the ready dispersal of clones among water-bodies but with successful colonizations limited by interclonal competition and habitat-dependent selection (see Benzie 1986 ; Wilson & Hebert, 1992) .
The extensive belt of agricultural land in southeastern Australia provides the opportunity to examine the genetic consequences of passive dispersal among a large number of recently created artificial water-bodies. These water-bodies are used as water-supply dams for farm animals but also support a range of crustacean species that have probably undergone a recent and dramatic range expansion as a consequence of agricultural activities during the past 200 years. These species include the ostracod Candonocypris novaezelandiae, which consists of two genetically and morphologically distinct forms (large-green and small-brown morphs), each of which is represented by sexually and parthenogenetically reproducing lineages (Chaplin, 1991) . The large-green morph is particularly common in southeastern Australia, occurring in a variety of habitats but most commonly in artificial farm ponds and natural water-bodies that are now used for agricultural purposes. The dispersal agents of this ostracod are unknown but wind, fish, water fowl, insects and stream flow have been implicated for other ostracod species (e.g. Proctor, 1964; De Deckker, 1977; Carbonel et al., 1988) .
In an earlier study, we showed that 10 populations of the large-green morph of C. novaezelandiae in south-eastern Australia each contained only females and a small number of highly replicated 'clonal'
genotypes (Chaplin & Ayre, 1989) . We subsequently used isolation experiments to confirm that females from three other such populations reproduced by parthenogenesis, both in the presence and absence of males from a mixed-sex and genotypically diverse population in Western Australia (Chaplin, 1992 were located on farms and used as water-supply dams for livestock ( Fig. 1 ).
We sampled most intensively in the AlburyWodonga region and there structured our sampling to investigate the effects of waterfiow on the genetic similarity of populations. Within this region, we took samples from 17 water-bodies on the floodplain of the Murray River (Fig. 1) . These sites are all occasionally connected by floodwaters (most recently in 1977) and include three sets of sites that comprised water-bodies joined by ephemeral streams that flow as a result of moderate to heavy rainfall (Fig. 1) . In an attempt to control for the effects of waterfiow, within the Albury-Wodonga region, we also sampled eight water-bodies spanning a similar geographical distance but without floodplain or stream connections ( Fig. 1) . Sampling sites within each region were separated by between 10 and 50 km, the exception being that we grouped all sites within 5 km of the ocean into the Illawarra coastal region, even though one of these sites was located some 300 km from the others (Fig. 1) . Within each region, some sites were separated by less than 1 km and formed part of a single farm or had ephemeral streams connections. We termed these aggregated clusters of sites 'neighbourhoods' in recognition of the possible importance of streams and livestock that move within a farm as agents for the localized dispersal of C. novaezelandiae. Other populations were termed 'isolated'. isomerase (MPI, EC 5.3.1.8); phosphoglucomutase (PGM, EC 5.4.2.2) and phosphoglucose isomerase (GPI, EC 5.3.1.9). For each locus, we described each allele in terms of the ratio of the electrophoretic mobility of its allozyme product relative to that of the product of the most common allele.
Data analyses
We used several approaches to estimate the genetic similarity of populations of C. novaezelandiae spread across a range of spatial scales.
We estimated the level of allelic variation among samples as Wright's (1978) averages across alleles and loci, and adjusted by subtracting the binomial sampling variance for each allele. For each locus, we used a X2-test (R x C format) to assess the extent of allele frequency variation among samples. To avoid small expected values in these tests, alleles with an overall frequency of less than 0.1 were pooled with the next rarest allele. We used an hierarchical FST analysis to partition allelic variation within and among three spatial scales. These scales were neighbourhoods (N), regions (R) and total sampling area (T).
We estimated the overall allelic similarity of all pairs of samples using Nei's unbiased minimum genetic distance (Dm) (see Nei, 1987) . Dm provides a measure of the net minimum number of codon differences per locus between pairs of populations and so provides a relatively conservative measure of genetic distance (reviewed by Nei, 1987) . This conservative measure was chosen partly to counter the exaggerated allele frequency variation likely to result from the clonal replication of genotypes within populations and our nonrandom selection of variable loci.
If C. noveazelandiae is an obligately clonal organism, then the genetic similarity of pairs of populations may be more accurately described by the similarity of their clonal composition rather than their allele frequencies. We used two approaches to test for evidence that clonal genotypes are shared among pairs of samples. First, we determined the proportion of four-locus genotypes common to each pairwise combination of samples (N05). N05 was calculated as 2NABI(NA+NB), where NAB is the number of four-locus genotypes common to samples A and B, and NA and NB are, respectively, the number of such genotypes detected in samples A and B. This provides an index of similarity which may vary from one (all genotypes shared) to zero (no genotypes in common) (Stoddart, 1984) . We tested for the possible effects of the independent sexual production of identical four-locus genotypes by conducting the analysis twice: including all genotypes and excluding genotypes with a high probability of independent sexual origins. We excluded two genotypes (see Results) on the basis of their relatively high probability of sexual production (P>0.10) in a hypothetical ancestral population.
Secondly, for each four-locus genotype, we compared the number of samples in which it occurred to the number of occurrences expected in the absence of clonal sharing among samples (i.e. if samples share only four-locus genotypes that have independent sexual origins). We estimated the number of expected occurrences by assuming a hypothetical source population comprising a pooled set of all of the detected four-locus genotypes, with each genotype occurring in a frequency equal to its number of sample occurrences. We then assumed that the probability of occurrence of a given fourlocus genotype in this population, as estimated from the average allele frequencies under conditions of random mating and free recombination, was equivalent to its expected probability of occurrence in any
Results

Allele frequency variation
Each of the four sampled loci displayed a total of only two or three alleles over the entire sampling area (Table 1) . Nevertheless, three of the four loci exhibited significant allele frequency variation among samples (Pezo.001; Tables 1 and 2 ). The remaining locus (Gpi) was variable in only four of the 42 samples (Table 1 ).
The extensive variation in allele frequencies among samples was reflected by high FST values, which ranged from 0.154 for Gpi to 0.312 for Mpi (Table 2 ). However, we found no evidence of regional pattern in this variation (FRT= 0.00; Table   2 ). Instead, 84 per cent of the total variation was detected within neighbourhoods (FSN = 0.19) and the remaining 16 per cent was the result of variation within regions (Table 2 ).
Genotypic variation
Evidence of clonal population structures We found strong evidence that each of the 42 sampled populations of C. novaezelandiae is maintained by parthenogenetic (asexual) reproduction. Samples from these populations contained more than 2255 adult females but no adult males. Individual samples -: allele absent from sample.
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The Genetical Society of Great Britain, Heredity, 78, 57-67. of between 31 and 77 females displayed few multilocus genotypes (mean = 4.05, range 1-10), many of which were highly replicated (Table 3) . Consequently, significant departures from Hardy-Weinberg equilibrium were common, with 37 of 42
samples showing a significant excess of either homozygotes or heterozygotes for at least one locus ( Table 3 ). Moreover, all of the 39 genetically variable samples showed highly significantly less diversity than would be expected if they had been sexually derived (G0:G. less than 1; P<O.001; Table  3 ).
Geographical variation We detected between one and 10 putative clones (i.e. distinct four-locus genotypes) within individual samples of C. novaezelandiae (Table 3) . However, as we sampled only a minute portion of the genome, the actual number of genetically distinct individuals (i.e. true clones) present within samples may have been greater (Chaplin, 1991) .
Although individual samples contained as many as ten distinct four-locus genotypes, the combined total for the 42 samples was only 26 genotypes (Table 4) . Many (13) of the 26 genotypes were restricted to just one or two samples (Table 4) . However, each of six widespread genotypes occurred in no fewer than 30 per cent of samples and three of the four sampling regions (Table 4 ). In combination, these six genotypes accounted for more than 88 per cent of individuals assayed. The multiple occurrences of these and other genotypes resulted in pairs of samples sharing an average of 37 per cent of their genotypes, with most pairs (85 per cent) having at least one genotype in common. Nevertheless, we found little evidence of a relationship between the geographical location and genotypic composition of local populations. Rather, the proportion of genotypes shared between samples was only weakly correlated with large-scale geographical separation (Fig. 2) . These data, together with the highly clonal structure of local samples, imply that C. novaeze- *Loci were considered variable if the frequency of the most common allele was less than 0.95. tDepartures from Hardy-Weinberg equilibrium expectations.
-:parameter not calculated because of low levels of variation at all sampled loci (see Table 1 ). X indicates that the genotype was found in at least one sample from the region indicated. tFour-locus genotypes detected from fewer samples than expected on the basis of their predicted probability of occurrence in an hypothetical source population of the sort described in the Methods.
landiae is dominated by a few widespread groups of electrophoretically similar clones.
We used the proportion of genotypes shared by samples to assess the extent of clonal dispersal among local populations, after exclusion of two genotypes (nos 13 and 16; Table 4 ) that each had a relatively high probability (P>0.10) of multiple sexual origins. We found that most pairs of samples This trend, however, was apparent both among regions and within the Albuiy-Wodonga region (other regions were not tested individually because of the small number of samples collected; Fig. 2 ).
To investigate further the possibility that the sharing of four-locus genotypes between samples reflects the spread of asexually derived propagules, we compared the number of sample occurrences of each four-locus genotype to the number that would be expected if samples shared only four-locus genotypes with independent sexual origins. The presence of each of five genotypes in more than the expected number of samples (Table 4) River and another two were from floodplain populations nearby to one of these neighbourhoods ( Fig. 1; AW5-AW6 and AW10-AW18).
Comparison of populations with and without stream connections
Overall we found no strong evidence that stream flow is an important mediator of short-or longdistance gene flow in C. novaezelandiae. Indeed, both the mean genetic distance (0.07) and the mean proportion of genotypes shared (36 per cent) between pairs of samples collected from the flood-
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plain of the Murray River were less than the corresponding values (0.03 and 47 per cent, respectively) for samples from the same region but from populations without any flood or stream connections. Similarly, cluster analysis of these similarity estimates indicates that samples from neighbouring populations that were joined by ephemeral streams do not consistently form homogeneous groupings on the basis of either their allelic or genotypic compositions (Chaplin, 1991) . However, all of the neighbouring populations that included genotype 8, the genotype implicated in asexual dispersal, were connected by ephemeral streams.
Discussion
The widespread distribution of the large-green morph of C. novaezelandiae in south-eastern Austra- Distance between populations (kin) 1 ha appears to reflect a recent and rapid range expansion by parthenogenetic females. Certainly, neither the current study nor a previous one (Chaplin & Ayre, 1989) The south-eastern Australian population of the large-green morph of C. novaezelandiae is surprisingly genetically homogeneous and consequently appears to reflect the expansion of a single lineage that is now widespread throughout both natural and recently created artificial water-bodies. The virtual absence of regional differentiation, at each of four loci, implies that C. novaezelandiae is an effective long-distance disperser and that regions have recently been connected by high levels of homogenizing gene flow. Although we found relatively high levels of allele frequency variation within all regions, this may be explained by the stochastic differentiation of populations founded by small numbers of individuals (e.g. Boileau & Hebert, 1991) and by variation in the abundance of clonal genotypes within local populations (e.g. Ayre & Willis, 1988) .
More importantly, the extent of allele frequency variation within regions was equivalent to that detected between regions separated by up to 850 km and there was little evidence of fine-scale clustering of neighbouring populations, including those within a single 'floodplain' (Chaplin, 1991) . Similarly, high levels of allele frequency divergence over microgeographical scales have been documented for ponddwelling species representing a range of taxa and breeding systems (e.g. Hebert & Payne, 1985; Havel et at., 1990) . Those studies that have also included macrogeographical sampling indicate that the finescale divergence is only rarely accompanied by regional differentiation (Benzie, 1986; Schwartz & Hebert, 1987; Crease et at., 1990; Hebert et a!., 1993) .
If clonal genotypes are spread more readily between neighbouring rather than distant populations, then the proportion of shared genotypes should decrease with increasing geographical separation. Such a relationship has been documented for obhigately parthenogenetic Daphnia pulex, for which pairs of populations less than 1 km apart generally share most of their clones whereas those further apart show a marked decrease in clonal similarity with increasing distance (Hebert et a!., 1989) .
However, patterns of dispersal in pond-dwelling parthenogens are generally little known. In our study, the proportion of multilocus genotypes shared by pairs of samples decreased only slightly with increasing distance between populations and this trend was evident only over relatively large distances. These data imply that the philopatric dispersal of clones is rarely important for C. novaezelandiae, although the finding of one unusually common genotype (no. 8) that predominantly occurred on the Murray River floodplain and then mainly in two neighbourhoods within the floodplain provided a striking exception. It seems certain that the distribution of this multilocus genotype reflects the spread of single clones among neighbouring ponds and possibly the movement of a single clone within the floodplain.
Although we found little evidence of extensive clonal sharing among neighbouring populations of C. novaezelandiae, multilocus genotypes were shared among local populations separated by up to 850 km.
Each of two very common and widespread genotypes (nos 13 and 16) probably represent a polyphyletic group of clones and each of another five multilocus genotypes occurred in significantly more samples than would be expected in the absence of clonal dispersal. Four of the five unexpectedly common genotypes were geographically widespread and occurred in a range of different habitat types (Chaplin, 1991) . The contrast between the distribution of these widespread genotypes and those of the majority of detected genotypes, which were restricted to three or fewer samples, suggests that some clones may be better colonists than others or that clones differ in their level of habitat specialization.
The hypothesized rapid range expansion by C. novaezelandiae into a large number of farm ponds may have been possible only because they represented vacant habitat or may reflect unusual patterns or mechanisms of dispersal. Although C. nova ezelandiae may occasionally be dispersed by floodwaters (Chaplin, 1991) , our study indicated that neither major nor minor stream flow are particularly
The Genetical Society of Great Britain, Heredity, 78, 57-67. important in its dispersal. De Deckker (1977) has argued that the current distribution of some Australian Ostracoda has been greatly influenced by the migration paths of waterfowl and historically waterfowl and other birds may have been crucial to the spread of C. novaezelandiae. More recently, agricultural activities have probably become the major influence as C. novaezelandiae, with its desiccationresistant eggs and capacity for torpor (Chaplin, 1991) , must be commonly transported both shortand long-distances on the bodies of farm animals.
Moreover, farm ponds, which are exceedingly common and widespread in south-eastern Australia, probably serve as 'stepping-stones' and may greatly augment long-distance dispersal in this ostracod.
